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DEVICE, SYSTEM AND METHOD FOR ELECTRONIC TRUE COLOR DISPLAY 

5 FmLD AND B ACKGROUNTD OF THE INVENTION 

An embodiment of the present invention relates to a device, sj'stem and a method 
for electronic true color display, and in particular, to such a device, system and method 
in which an ejqpanded color space is available for display through an electronic display 
device such, as a monitor of a computational device, for example. 

10 The perception of color by human vision involves the impact of light of drEferent 

wavelengths in the visible spectrum (400 nm - 780 nm) on the human eye, and the 
processing of the resultant signals by the human brain. For example, in order for an 
individual to perceive an object as "red", light in the range of wavelengths of about 
580-780 nm must be reflected firom the object onto the retina of the eye of the 

15 individxial. Depending upon the spectral distribution of the light and assuming normal 
color vision, the individual perceives different colors firom a wide range of such colors. 

In addition, the individual perceives various characteristics of the color. The 
color itself is also termed the "hue." In addition, saturation determines the intensity of 
the color, such that a color shade vMch is saturated is perceived as highly vivid, while a 

20 pastel version of the same color is less saturated. The combination of hue and saturation 
forms the chrominance of the color. As perceived by the individual, color also has 
brightness, winch is the apparent or perceived energy of the color, such that the color 
"black" is actually the absence of brightness for any color. 
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Alfliough color is a complex combination of physical and physiological 
phenomena, as previously described, color matches to some viewable colors can be 
obtained witti combinations of only three colors. Typically certain spectra of red, green 
and blue are used. These three colors may be termed additive primaries. Bycombioing 
5 di^rent amounts of each color, a wide gamut of colors can be produced. Unfortunately, 
this spectrum still falls short of the complete gamut of colors which are visible to the 
human eye (see for example www.barco.com as of September 28, 2000). Not every 
color can be expressed as a mixture of three primary colors in combination. Instead, 
certain colors can only be adequately represented mathematically if the value for one or 
10 more primary colors is negative. While such negative values are theoretically possible, 
physical devices cannot produce them. 

An international standards body, CIE (Commission Internationale de 
I'Eclairage), has defined a special set of imaginary primaries, for which all colors can be 
represented by positive values. The primaries are imagmaiy in the sense that they are a 
15 mathematical creation, which cannot be produced by a physical device. Nevertheless, 
the system is very useM for the presentation of color, as is described below. 

The system is defined by the color matching functions, X(X),Y(X) and Z(X), 
which define the response of the primaries to a monochromatic excitation of wavelength, 
X. Furthermore, Y(?0 is chosen to be identical to the brightness sensitivity of the color 
20 sensors in the human eye. Using these primaries, each color can be represented by three 
positive values XYZ, where Y is proportional to the brightness of tiie excitation. From 
the XYZ values a noimalized set xyz is created, by dividing each of the values by 
X+Y+Z. In the new set x+y+z=l. If two of the three values are provided, the tMrd 
value may be derived firom these values. Thus, a color may be represented by a set of 
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two values (for example, x and y) on a chromaticity diagram as shown, in Background 
Art FIG. 1. Information which is lost in the process of normalization is the brightness of 
the color, but all chromatic information is kept. 

The chromaticity diagram in FIG. 1 describes a closed area in a shape of 
5 horseshoe in the xy space. The points on the border of the horseshoe (shown as line 10), 
known as the spectrum locus, are the xy values corresponding to monochromatic 
excitations m the range from 400 nm to 780 nm as marked. A strai^ line 12, closing 
the horseshoe from below, between the extreme monochromatic excitation at the long 
and short wavelengths, is named the purple line. The white pomt, which is the point at 
10 which the hxmian eye perceives the color "white", is lying inside the closed area. All 
colors discernible by human eye are inside this closed area, which is called the color 
gamut of the eye. If an excitation is monochromatic, it is placed on the horseshoe 
border. If it is spectrally wide, thereby contaming light of a plurality of spectra, its 
coordinates lie inside the gamut. 
15 The electronic reproduction of color, for example by an electronic display device 

such as a computer monitor, is cunrently performed by using three primaries: typicaHy 
spectra of red, green and blue. These systems cannot display the full range of colors 
which are available to the human eye. The reason for the inability of such devices to 
display the full range of colors perceived by the human eye is that some colors are 
20 presented by negative values of one or more of the primaries, which cannot be realized 
by a physical light source. Certain background art devices and systems "use a fourth 
"color'', vAnch is actuaUy light passed through a neutral filter, or "white hght", and 
which is used for controlling brightness of the displayed color, as described for example 
with regard to US Patent No. 5,233,385. However, the use of the neutral filter does not 
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affect the ultimate gamut of colors which can be displayed. 

Electronic display devices wMch operate accordiag to the three-primary red, 
green, blue system include such devices as computer monitors, televisions, 
computational presentation devices, electronic outdoor color displays and other suck 
5 devices. The mechanism for color display may use various devices, such as Cathode 
Ray Tubes (CRT), Liquid Crystal Displays (LCD), plasma display devices. Light 
Emitting Diodes (LED) and three-color projection devices for presentations and display 
of video data on a large screen, for example. 

As an example of the operation of such a device, CRT displays contain pixels 
10 with three different phosphors, emitting red, green and blue light upon excitation. In 
cuirentiy available displays, the video signal sent to the display specifies the three RGB 
color coordinates (or some ftmctions of these coordinates) for each of the pixels. Each 
coordinate represents the strength, of excitation of the relevant phosphor. An individual 
viewing the display integrates the light coming firom neighboring colored pixels to get a 
15 sensation of the required color. The process of integration is automaticaUy performed, 
without individual awareness of the process, and occurs through a combination of the 
physiological activity of the eye itself and of processing of signals from Ihe eye by the 
brain. 

The red, green and blue emissions of the phosphors define three points in the xy 
20 plane. The points marked 14, 16 and 18 in FIG. 2 represent red, green and blue 
phosphors respectively of a typical phosphor set used for televisions and related 
devices. As can be seen in FIG. 2, these points 14, 16 and 18 Ue mside the spectral 
gamut of the eye's perceptual range, which is the range of spectral values for light 
visible to the human eye. Many colors can be created using these primaries. However, 
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not aU colors can be created, as previously described, since only positive values of RGB 
are possible. These positive combinations represent colors wHch are inside a triangle 
20, created by the three primaries, as can be easUy seen firom FIG. 2. However, a 
significant portion of the gamut of the eye Ues outside triangle 20, and therefore cannot 
5 be displayed by using the three phosphors system. 

Part of this problem could be aUeviated by using lasers or other spectraUy narrow 
light, since the emission of the phosphors is spectraUy wide, thereby causing the triangle 
of values lying within the gamut of produced colors to be even smaller. A similar 
problem is found with LCD display devices which operate with "white" light passed 
10 through color filters, and which must also have a wide spectrum for the filters in order 
for enough Ught to pass through the filter. However, the problem of the restricted gamut 
for display of colors cannot be solved by using monochromatic fight sources, such as 
lasers; although the triangle created is much larger, large parts of the gamut of the 
human eye still cannot be displayed vdth only three primary colors, regardless of the 

15 type of fight source. 

A more useful solution would enable a wider range of colors to be displayed by 
the electronic display device, for example by a television or a computer monitor. Such a 
solution would be efficient and would be suitable for both large electronic display 
devices and more small, portable devices. Attempts to define such a solution can be 

20 found, for example, in PCX AppficationNos. WO 97/42770 and WO 95/10160, which 
both describe meliiods for processing image data for display with four or more primary 
colors. However, neither of the Appfications teaches or suggests a device which is 
capable of such a display of four or more primary colors. 

US Patent Nos. 4,800,375 and 6,097,367 both describe attempts to provide such 
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devices. However^ neither disclosed device is a suitable solution to tins problem, as both 
devices have significant disadvantages. For example, US Patent No. 4,800,375 
describes a flat, backlighted screen, m which the %ht source and controller form a 
single unit However, since each pixel has a different color, increasing the number of 

5 primary colors both increases Ihe cost of production, since additional light 

source/controller units must be added for each color, and also decreases the resolution of 
the screen. Similar problems are also foimd with the disclosed device of US Patent No. 
6,097,367, which is based on LED (Ught emitting diodes). Thus, these disclosed 
background art devices suffer from significant drawbacks, particularly with regard to the 

10 decreased resolution of the displayed image as the number of primary colors which form 
the image is increased. 

Therefore, there is an unmet need for, and it would be highly useful to have, a 
device, system and a method for providing an expanded color spectrum for the electronic 
display and reproduction of color, which would operate efficiently and which would be 

1 5 suitable for display devices of different sizes, and which would not result in decreased 
resolution of the displayed image as the number of primary colors is increased. 

SUMMARY OF THE INVENTION 

An embodiment of the present invention provides a device, system and a method 
20 for displaying an expanded gamut of colors. The present invention is suitable for 
various types of electronic display devices, such as televisions and monitor devices 
("monitors") for computational devices, for example. An embodiment of the present 
invention operates by using more than three primary colors. As previously described, 
the term "primary color" specifically does not include light from a white or 
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polychromatic light source after only being passed through a neutral filter. Thus, unlike 
background art systeras and devices, the present invention is not limited to combinations 
of colors which, are produced firom only three primary colors, such as red, green and blue 
for example. 

5 According one embodiment of to the present invention, there is provided a 

device for displaying image data of a plurality of colors, the device comprising: (a) a 
light source for producing light having at least four primary colors; (b) a controller for 
determining a combination of at least one of the at least four primary colors accordiag to 
the image data for production by the light source, such that the controller is separate 

1 0 from the light source; and (c) a viewing screen for displaying the image data according 
to the combination from the controller. 

According to another ranbodiment of the present invention, there is provided a 
system for displaying image data of a plurality of colors, the system comprising: (a) a 
light source for producing light having at least four primary colors; (b) a converter for 

1 5 convertuig the image data to a combmation of at least one of the at least four primary 
colors to form a map; (c) a controller for controllir^ a production of the combination 
from the light source, wherein tiie controller is separate from the light source; and (d) a 
viewing screen for displaying the image data from the combination from the light source 
as controlled by the controller. 

20 According to yet another embodiment of the present invention, in a device for 

displaying image data of a plurality of colors, the device comprising a light source for 
producing light having at least four primary colors and a viewing screen for displaying 
the image, the light bemg projected onto ihe viewing soreen, there is provided a method 
for creating the image for displaying, the method comprising the steps of: (a) producing 
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Kght by the light sotirce of at least four primary colors; (b) determuung a path for Kght 
of each primary color according to the image data; and (c) projecting the Ught of each 
primary color according to the path onto the viewing screen to form the image. 

In another embodiment of the present invention, a set of primaries or filters is 
5 chosen so that a spectral reconstruction of certain set of colors is obtained. In order to 
increase the accuracy of colors represented by a set of primaries, and to increase the 
likelihood that different human observers will perceive certain colors accurately, a set of 
primaries may be created based on a spectral match rather than a colorimetric match, and 
such a set of primaries may be used in a display system according to an embodiment of 
10 the present invention. A target set of spectra to be reproduced are chosen, and a set of 1 
primaries are chosen which optimally reproduce the set of target spectira. 

Various embodiments of the present invention provide for the conversion of 
source data (e.g-., RGB or YCC-type data) to data suitable for a display using at least 
four primaries. A graph or plot is created which includes the n-primaries used in the 
1 5 display and m addition mcludes one or more middle points. The middle poiat or points 
define triangles with adjacent parrs of primaries. The source data is mapped to one of 
the triangles, and a solution is found for the constant levels for the relevant pair of 
primaries and the relevant middle pomt The constant levels for the primaries not 
_ participating in the triangle may be found. These constant levels may be used to control 
20 the levels of the primaries in the display. 

In one embodiment of the present invention, a set of filters is chosen to gain the 
widest spectral coverage possible while maintaining white balance, efficiency and 
brightness. A set of filters is chosen so that at least three of the filters include certain 
frequencies located near the comers of the chromaticity horseshoe. In one embodiment. 
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a set of at least three primaries is chosen, such that at the fflters for at least three 
primaries in the set have the following characteristics: one filter does not pass 
wavelengths substantiaUy below 600 nm, another does not pass wavelengths 
substantially above 450 mn, and the third is a narrow band-pass filter with a central 
frequency in the range of approximately 500-550 nm, whose total width does not 
substantially exceed 100 nm. Additional primaries may be chosen. 

Hereinafter, the term "neutral" refers to hght having a spectral distribution, 
which does not differ substantially firom that of a white hght source, as obtained for 
example by passing light firom such a vMie source through a neutral density filter. 
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n-RTPF DESCRIPTIO-Nr OF THE DRAWINGS 

The invention is herein described, by way of example only, with reference to the 
accompanying drawhigs, wherein: 

FIG. 1 is a Background Art chromaticity diagram; 
1 5 FIG. 2 is a chromaticity diagram showmg a color gamut for a typical phosphor 

set according to the background art and also showing an exemplary expanded color 
gamut according to an embodiment of the present mvention; 

FIGS. 3 A and 3B are schematic block diagrams of two embodnnents of an 
exemplary display device and system according to an embodimeait of the present 
20 invention; 

FIGS. 4A-4C illustrate an implementation of an embodiment of the present 
invention with an exemplary neutral density (ND) filter, with an illxastrative 
implementation for the filter arrangement of the color, wheel with such an MD filter 
(FIG. 4A), the timmg sequence for operation of the color filter wheel (FIG. 4B), and a 



9 



wo 01/95544 PCT/ILOl/00527 

graph of the density of the ND filter (FIG. 4C); 

FIGS. 5A and 5B illustrate the different spectra of a typical RGB background art 
system (FIG. 5A) and of an exemplary implementation according to an embodiment of 
the present invention with six colors (FIG. 5B); 

FIG. 6 illustrates a method for converting image data firom the background art 
three-color RGB format to an exemplary fonnat accordmg to an embodiment of the 
present invention; and 

FIG. 7 depicts a chromaticily mapping for converting source data to calculate the 
contribution levels of primaries according to an embodiment of the present invention. 

FIG. 8, depicts one embodiment of the system of the present invention is 
preferably based upon a simultaneous projection scheme. 

FIG. 9 is a chart depicting the chromaticity for a set of filters for use with a 
display system according to one embodiment of the present invention. 

FIG. 1 0 is a chart depicting the chromaticity ranges from which a set of filters 
may be chosen for use with a display system according to one embodiment of the 
present invention. 

FIG. 11 is a graph of the transmission spectra of filters producing the set of 
primaries depicted in FIG, 8. 

DESCRIPTTON OF THE PREFERREn EMBQDIMENrS 

In the followmg description, various aspects of the present invention will be 
described. For purposes of explanation, specific configurations and details are set forth in 
order to provide a thorough understanding of the present invention. However, it will also 
be apparent to one skilled in the art that the present invention may be practiced without the 
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specific details presented herein. Furthennore, well known features may be omitted or 
amplified in order not to obscure the present invention. 

An embodiment of the present invention provides a device, system and a method 
for displaying an expanded gamut of colors. The present invention is suitable for 
5 various types of electronic display devices, for example televisions and monitor devices 
("monitors") for computational devices. An embodiment of the present invention 
opemtes by using more than three primary colors. As previously described, the term 
"primary color" specifically does not include light firom a white or polychromatic light 
source after only being passed tiirough a neutral filter. Thus, unlike background art 
10 systems and devices, the present invention is not limited to combinations of colors which 
are produced firom only three primary colors, such as red, green and blue for example. 

According to preferred embodiments of the present invention, light from sax. 
primary colors is used, although of course any number of primary colors is operative 
with the present mvention, as long as at least four such primary colors are included. The 
15 use of six primary colors is preferred since the gamut which is covered by the resulting 

hexagon is much larger than the triangle 20 which is produced by RGB phosphors, for 
example, yet can still be effidently produced as part of an electronic color display, as 
explained in greater detail with regard to the preferred embodiment below. As shown as 
a hexagon 22 witb regard to FIG. 2, with points 24, 26, 28, 30, 32 and 34, the gamut of 
20 colors provided by such a combination of primary colors is much larger than the simple 
triangle 20 which is produced by RGB phosphors. A description of an exemplary but 
preferred embodiment for the method for selecting the spectra for such primary colors is 
provided with regard to Figs. 5 A and 5B below. 

With regard to the type of fight source, or device for producing Ught for each 
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piimaiy color, different types of sources and/or mechanisms could optionally be used 
with the present invention, OptionaUy and preferably, in order to obtain the best 
coverage of the gamut, the light for each primary color should preferably be 
monochromatic. Of course, lasers could optionally be used .as the source of hght for the 
5 prunary colors for the present invention. Monochromatic excitation can also optionally 
be produced by passing white Ught through a narrow spectral filter. However, as the 
spectral bandwidth of the excitation is Ihnited, the brightness of the resultant hght 
becomes lower (assuming that the brightness of the source stays the same). On the other 
hand, as the spectrum of the primary excitation becomes wider, the resultant color gamut 
1 0 for the electronic color display becomes more restricted. Therefore, the interplay 

between the purity and the brightness of the primaries should be considered, assuming 
tiaat lasers are not used as the source of monochromatic light. 

In addition, various display mechanisms are optionally used with the present 
uivention, which also affect the choice of light source and/or device for production of 
15 the primary colors. The preferred display mechanism is projection of light onto the 
viewmg screen, for an optical projection system. Projection displays can work 
sunultaneously, in which light of all colors iHuminates the viewkig screen at the same 
time; or sequentiaUy, in which Ught of the different colors iUuminates the screen one 
after another. For the latter type of display, tiie vision system of the human eye 
20 perceives combined colors through temporal integration, as the sequential display of 
colors is performed sufficientiy rapidly. 

Display systems of the second type are based on spatially modulating colored 
light and projecting it on a display screen. The spatial modulation can optionally be 
performed by using a Uquid crystal spatial modulator, in which case a source of 
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polarized Ught sliOTild be used, or alternatively, for example, by a digital micro-miiror 
device CDMD) such as tiiat produced by Texas Instrumeats (USA), which allows the use 
of non-polarized Hght Of course other types of devices for petfonrdng spatial 
modulation are optionally used, and are encompassed by the scope of the present 
5 invention. 

The spatial modulation can optionally be performed with analog or bmary levels 
or gradations, accordmg to the type of modulator device which is used. Nematic liquid 
crystal modulators, for example by CRL Opto (United Kingdom), or Kopin Inc. (USA), 
• allow for analog "gray levels", vsMe Ferroelectric liquid crystal modulators, such as 
10 from Micropix Technologies (United Kmgdom) or LightCaster™ from Displaytech 
(USA), and DMD are binary devices. If a binary modulator device is used for spatial 
modulation, "gray levels" are achieved by controlling the duration of the illumination, 
and/or Ihe intensity of the light, incident on the spatial modulator. 

Light production mechanisms based on optical projection are preferred over 
15 those mechanisms which are based on Ught emission at the screen or other portion of the 
display device. Examples of light emission mechanisms mclude CRT, field emission 
and plasma displays, in which the phosphors at the screen or other device actually emit 
the light; LED screens in which small electro-luminescent diodes emit the Ught; and flat 
LCD screens m which each of the pixels has aa mdividual color filter. In these systems, 
20 physically small emitters of different primary colors, which therefore produce a smaU, 
focused pomt of colored light, are placed m close vicmity. The eye then automatically 
integrates the emitted Ught fi:om neighboring pixels to obtam the color sensation. 

However, these light emission systems suffer fix)m a number of disadvantages. 
First, the addition of primary colors decreases the resolution of the display, unUke for 
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optical projection mecliaBisms, in which the addition of primary colors does not affect 
the resolTition of Hie display. Secon4 adaptation of the pixel matrix is required in order 
for the display screen to be able to display more than liiree colors. For CRT and LED 
.mechanisms, special phosphors and diodes, respectively, must be developed. For LCD 
5 displays, the set of color filters must be adapted, in order to provide four or more 
primary colors through these filters. AU of these adaptations require the addition of 
extra units, such as extra phosphors or extra diodes. wMch therefore increases the cost of 
the system in order to be able to display more colors. By contrast, as described in 
greater detail below, the adaptations which are required for optical projection systems 
10 are relatively minor, and do not result in increased cost for the system. Thus, optical 
projection systems are preferred over light emission systems. 

Hie principles and operation of a device, system and metiiod accordmg to tiie 
present invention may be better understood with reference to the drawings and the 
accompanying descriptiorL 
15 Referring nowto the drawings. Figs. 3A and 3B are schematic block diagrams of 

two embodiments of a display device and system for displaying at least four primary 
colors according to an embodiment of the present invention. FIG. 3A shows a basic 
embodiment of the display device and system, while FIG. SB stows a preferred 
embodunent featuring a Kght projection mechanism. 
20 As shown in FIG. 3A. a system 36 features a Ught source 38 for producmg light 

of at least four primary colors. The Kght from Hght source 38 is displayed on a viewing 
screen 40, thereby enabling the human viewer to see the colors of the displayed image 
(not shown). Prefembly, the Hght from Hght source 38 is projected onto viewmg screen 
40. In order for each color to be properly displayed ia the correct location of the 
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displayed image, a controller 42 controls the production of Ught of each color, such that 
the correct Hght is shown at the correct location of viewing screen 40. Preferably, 
controUer 42 is separate fiom light source 38, such that these two components are not 
combined into a single component. 
5 OptionaUy and more preferably, for the preferred projection embodiment of 

system 36, Hght source 38 projects Hght of at least four colors, without being able to 
control the location of the projected Hght onto viewing screen 40. ControUer 42 then 
deteimines the relative location of Hght of each color as projected onto viewing screen 
40, for example with a spatial Hght modulator and/or another system of mirrors and/or 
10 lenses, as described in greater detail below with regard to Figs. SB and 7. 

In order for controUer 42 to be able to determine the correct light for being 
displayed at each portion of viewmg screen 40, controUer 42 optionaUy and more 
preferably receives data from a data input 44, which may optionaUy be digital or analog. 
Most preferably, controUer 42 also receives instructions and/or commands from a 
15 converter 46, which Hes between data input 44 and controUer 42. Converter 46 converts 
Ihe data from data input 44 mto a jformat-vMch is suitable for controUer 42, and also 
includes any necessary instmctions and/or commands for enabling controUer 42 to be 
able to understand the data. OptionaUy, converter 46 may also convert the data from an 
analog signal to digital data, such that controUer 42 is only required to receive digital 
20 data. 

FIG. 3B shows a second embodiment of an exemplary display device according 
to an embodiment of the present invention, which is based on a sequential Hght 
projection system, similar to that suggested in US Patent No. 5,592,188. However, it 
should be noted that tiie present invention extends the suggested background art system 



15 



wo 01/95544 PCT/ILOl/00527 
to fotir or more primary colors, whUe the backgroimd art system is limited to electronic 
color displays which use only three primary colors. In addition, this embodiment of the 
present invention is only illustrative and is not intended to be limiting in any way. 

A system 48 is based on passing white light from a source 50 through appropriate 
5 color filters 52 to form colored Ught of a defined spectral range. As previously 
described, preferably system 48 features six such colored filters 52, which as shown may 
optionally be configured in a color filter wheel 54. In tiiis example, the combination of 
hght source 50 and color filters 52 can be considered to form at least part of tiie Ught 
source of FIG. 3 A above, optionaUy with otiier components involved in the production 

10 of the light itself. 

This colored Ught tiien iUuminates a spatially modulated mask 56, also known as 
an SLM (spatial Ught modulator) which determines the particular color for being 
displayed at each portion of tiie image (typically according to each pixel), by 
determining whether Ught of that color is permitted to pass for iUuminating that pixel. 

1 5 The colored Ught for Has image is tiien projected by a projection lens 58 onto a viewmg 
screen 60. Viewing screen 60 displays the resultant colored image to the user (not 
shown). Spatially modulated mask 56, and more preferably tiie combhmtion of spatially 
modulated mask 56 and projection lens 58, can be considered to be an example of the 

controUer fi:om FIG. 3 A. 
20 SpatiaUy modulated mask 56 is optionaUy eitiier abinary modulation type or a 

continuous modulation type. 

Examples of tiae continuous modulation type include, but are not Umited to, 
polarization rotation devices such as LCD (Uquid crystal device), electro-optical 
modulator and magneto-optical modulator. In tiiese devices, tiie polarization of tiie 
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impingmg Hght is rotated. In this coMext, LCD features an organized structure of 
anisotropic molecules, for which the axis of anisotropy is rotated by the appHcation of 
voltage, thereby rotating the polarization. For ihe electro-optical modulator, anisotropic 
crystals are featured, which change the rotation of the polarization of the hght radiation, 
5 due to a change of the refractive index along iht different axes, as a result of the applied 
voltage. The electro-optical modulator can be applied for a continuous, non-bmary 
implementation or for a bmary implementation. Magneto-optical modulators are devices 
in which a magnetic field is used to rotate the polarization, by changing the 
electro-optical properties of the crystal. 
10 Examples of the binary modulation type kiclude, but are not limited to, DMD, FLC, 
quantum well modulator and electro-optical modulator. DMD (digital micro-miixor 
device) is an array of mirrors, each of which has two positions, either reflecting light 
toward a viewing screen 60, or reflecting hght away from viewing screen 60. FLC 
(ferroelectric Uquid crystal) features liquid crystals, which have only two bi-stable 
15 orientation states, thereby changing the polarization of the hght radiation to one of two 
states (effectively "on" and "off')- A quantum well modulator is a device in which 
voltage is appEed in a quantum well, which then changes transmission and reflection 
properties for Ught by changing the states of the electrons m the well, to one of two 
levels according to the applied voltage. The electrons are changed from bemg 
20 absorptive to bemg transmissive. 

In order for the Ught to be directed through tiie appropriate filter 52, preferably 
the light is focused by a condenser lens 62, optionally implemented as two such lenses 
62 for the purposes of illustration only and without any intention of being limiting. The 
focused light is tiien directed through one of the filters on filter wheel 54. Filter wheel 
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54 holds at least four color filters 52, the transmission spectra of which is designed to 
give a coverage of a major portion of the gamut of the eye. A motor 64 optionally and 
preferably rotates filter wheel 54 in firont of light source 50, so in each turn spatiaUy 
modulated mask 56 is iUuminated by aU colors in filter wheel 54 sequentially. 
5 Preferably, the rate of rotation is at the firame firequency, which is the firequency at which 
the fiaU-color image on viewing screen 60 is refireshed. Typical firame firequencies 
(rotation firequencies) are in the range of 30 - 85 Hz. 

More preferably, the loading of the data into spatiaUy modulated mask 56 is 
synchroni2Bd by a timing system 66, according to the rotation of filter wheel 54. The 
10 light beam is spatially modulated by spatially modulated mask 56, so that the apparent 
brightness of each primary color varies at different portions of viewing screen 60, 
typically according to each pixel of the image. Each position 68 on viewing screen 60 is 
preferably associated with a certain pixel 70 in spatially modulated mask 56. The 
brightness of that position is determined by the relevant data pixel in the image. The 
15 values for the pixels of the image are optionally and preferably retrieved from an image 
data file 72. The human viewer integrates the sequential stream of the primary images to 
obtain a fiill color image with a wide gamut of colors when viewmg the image as 
projected onto viewing screen 60. 

An implementation using liquid crystal modulators requires the use of polarized 
20 light. For reflecting devices, such as Liquid Crystal Over Silicon (LCOS) devices, the 
same polarizer, usually a polariamg cube beam splitter, can be used for polari2mg the 
incident light and for analyzing the reflected light. For transmission devices, such as 
active matrix LCD based on thia-fihn-transistor technology (TFT) as provided by Epson, 
Kopin (USA) and other vendors, for which Ught passes through the pixUated matrix, 
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linear polarizers are placed before and after spatiaUy modulated mask 56. The 
exemplary but preferred implementation shown in FIG. 3 is based on a reflecting LCOS 
device for spatially modulated mask 56, and therefore a polarizing cube beam splitter 80 
is included in system 48. It should be noted that this is for the purposes of illustration 
5 only, and other implementations of system 48 are also possible as based on other 
modulators, such as those devices which are described as examples of other such spatial 
modulation devices. 

An exemplary description of tihe flow of data and data handling is also shown 
with regard to FIG. 3B. The data is optionaUy given as a digital image file 72 as shown, 

1 0 or alternatively as an analog video signal (not shown). The data optionaUy and typically 
arrives in a raster format, particularly for display systems associated with computers. 
The raster format is a signal presenting the R, G and B values of pixel-afler-pixel, 
line-afler-line for a full &am.&. In interlace video, the firame is divided to two fields, 
which are sent one after the other, the first field containing only the odd lines, and the 

15 second field containing the even lines. A typical analog graphics card for a computer 
monitor receives digital image data, and then sends the image data as analog signals on 
five lines, three for R, G and B signals and two for synchronization signals. The R, G 
and B signals are non-linear functions of the RGB value of the relevant pixel in. the 
image. This function (known in the art as a gamma-correction function) is such that the 

20 response of a CRT to its outcome is linear on the original pixel value, such that the 
brightness of the emission firom a particular phosphor depends upon the voltage of the 
received signal. In a video signal, the RGB signals are transformed into oUier 
combinations, representmg luminance and chrominance of the pfacel, and each of them is 
encoded separately (for example, using YCC type-formats). 
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The analog image data is optionally and more preferably transformed into digital 
data for the purpose of the present invention, for example in order to correct for various 
effects caused by the video/graphics card interface to obtain digital RGB (three-color) 
image data 72. Examples of effects for which such correction may optionaUy and 
5 preferably be desired include but are not limited to, effects of analog to digital (A/D) 
conversion and video decoding, the effect of de-gamma conversion, and the effect of 
convertuig from interlace to non-interlace signals. According to preferred embodiments 
of the present invention, the data is only presented in one field, and not in two or more 
fields as for the mterlaced video of the background art. Therefore, the data is preferably 
10 subjected to a transformation such that the data is not interlaced before being sent to the 
feame buffer, as described in greater detail below. 

Digital RGB data can also optionally and more preferably be obtained directly 
from digital graphic cards, available from ATI, Number Nine Revolution and other 
vendOTS. 

15 In any case, the digital RGB image data or YCC type-data is then manipulated in 

a multi-color transformation module 74, as described in greater detail below, into a color 
foraiat which includes data for each color of color filters 52, with N-bits of data per 
color (for example, 7 colors, of which one is white, and 8 bits per color). 

The resulting 7 color channels are more preferably subjected to a gamma 

20 correction process for the response of spatially modulated mask 56 by a ganmaa 
correction module 76. Gamma-correction module 76 performs a non-linear 
transformation, known as a "de-gamma" process, for each of the data channels. The 
transformation is preferably non-lmear since the incoming data is typicaUy non-linear in 
order to correct for such effects of components within the system on the signal as the 
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cable to viewing screen 60 (not shown), such that the output of the transfoimation is 
preferably linear. Preferably, this transformation is performed by applying several 
look-up tables (one or more for each channel), which contain the output values 
corresponding to all possible input values. The use of such look-up tables provides for 
a standardized, corrected, linear output which can be more precisely displayed with the 
system of the present mventioiL 

The corrected data is then loaded into a firame buffer and format iriodule 78 
which arranges the stream of data in a format consistent with the electronic requirements 
of spatially modulated mask 56. Frame buffer and foimat module 78 is a memory 
device for holding the data of the image. Typically, the data is held in the same 
geometrical arrangement as the pixels of the image, and of spatially modulated mask 56. 

For the system described above, the ficame buffer itself, of frame btiffer and 
format module 78, is preferably divided into bit planes. Each bit plane is a planar array 
of bits, in which each bit corresponds to one pixel on spatially modulated mask 56. Each 
bit plane actually represents at least a part of the data for each color, such that if a pixel 
is to have a component which includes a particular primary color, that pixel is 
represented by a particular bit on the appropriate bit plane which features that primary 
color. The bit planes are arranged one below the o&er to form a three-dimensional 
arrangement of the data, from the most significant to the least significant bit. There ace 
7n X N bit planes (m is the number of bits/color chamiel, N is the number of color 
channels). 

Timing system 66 can be considered to be an example of at least a portion of the 
converter of FIG. 3A above, more preferably in combination with multi-color 
transformation module 74, gamma correction module 76 and frame buffer and format 
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module 78. 

The data is usually presented as 8 bits (256 levels) per each of the seven primary 
colors. The various "gray levels" of the illumination can be achieved in different ways 
depending on the type of spatially modulated mask 56 which is used. For "analog" 
modulators, such as nematic LC modulators for example, the gray level is detennined by 
the amount of the optical axis rotation, controlled by the volt^e applied to the device. 
Each frame requires seven "updates", or changes to the configuration, of spatially 
modulated mask 56, with one update for each of the primary colors of color filters 52. 
For a fi^e refiresh rate of 50 Hz for viewing screen 60, this corresponds to an update 
rate of 350 Hz. The eight bit planes corresponding to "die relevant color are retrieved 
firom the firame buffer itself of fiame buffer and format module 78, and are optionally 
and preferably transformed into analog signals. These analog signals are then amplified 
and applied to spaHally modulated mask 56. 

For the "binary" type of spatially modulated mask 56, such as digital 
micro-mirror devices (DMD) by Texas Instrmnents or Fenxjelecttio Liquid Crystal 
(FLC) SLM by MicroPix, Displaytech and other vendors, gray levels are achieved by 
pulse width modulation (PWM) of the light, a technique which is well known m the art. 
In order to perform pulse width modulation of the light, m bit planes, shown here for 
m=8 planes, for each primary color are loaded into spatially modulated mask 56 durmg 
the period for displaymg the relevant color. For a frame rate of 50 Hz and a 7 color 
display, tbe time for each color to be displayed is 20 ms / 7 = 2.85 ms (20ms =l/50Hz). 
During this time, 8 bit planes should be loaded into spatially modulated mask 56, 
resulting in an update rate of 2.8 kHz. However, if PWM is applied to the light, the least 
significant bit plane should be presented on spatially modulated mask 56 for only 11.2 
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microseconds. 

To extead -the display period and therefore to avoid such a rapid refresh or 
change rate for spatiaUy modulated mask 56, optionaUy and preferably PWM is not 
applied to the light. Instead, the illumination time is preferably divided uniformly 
5 between the bit planes. The different bit values are then optionally and more preferably 
created by changing the brightness of Hght incident on spatially modulated mask 56. 
The brightness of the incident light is optionally and most preferably altered by using a 
continuously varying neutral density (ND) filter, as described in greater detail below. 

FIG. 4A shows an illustrative implementation for the filter arrangement of the 
10 color wheel with such an ND filter 82. The color filter wheel is divided into several 
color sections, labeled as "CI" to "C7" respectively, the width of each is 2n/N radians, 
where N is tiie number of primary colors. As described in greater detail below, each 
color section is a different color filter, which preferably has a separate ND filter. The 
ND filter does not affect the spectral content of tiie filtered Hght, but rather alters the 
15 intensity of the filtered light over the entire spectrum. 

The taming sequence for operation of color filter wheel 82 is depicted in FIG. 4B. 
The duration of a fuU rotation of the color filter wheel is 27t/co, each color section has 
a time slot of lit/aiN, during which m bit planes are loaded into the spatially modulated 
mask. Each bit plane occupies equal time duration and at after the last significant bit 
20 loading, a dead zone exists. To achieve the correct dependence betwerai light intensity 
and the corresponding bit value, a continuously varying ND filter is placed in each color 
section of filter 82. The density of the ND filter varies Imearly with G ? firom zero 
density to a density of m • logiol ^ 0.3m, m bemg tiie number of bits/channel, as shown 
in FIG. 4C. In the transition re^on (the dead zone), fiom tiie least significant bit (Isb) of 
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color to the most significant bit (msb) of tbe next color tiie density increases to a 
higher value to avoid color mixing. As shovm below, this design ensures that the 
brightness of light deflected from f-bit plane has an ahnost linear dependence on the 
value of i*^ bit. A gamma-coirection look-up table (LUT) compensates the remaining 
non-linearity as explained above. 

The light intensity which passes through the KD filter, durmg the period of the 

I bit (msb = 0 bit, Isb = m-J bit) is given by: 



T 

a+0- 



IajM—J— f iQ-^dt= — --10-"' (1-10-")^ — i;;^7rn^^ 

~X — r+AJ J 1" 0.3m/nlO(r+Ar) 7«/n2a+^%)2 



10 Here T+AT is the duration of color section, where AT is Uie time of the dead zone. It is 
evident tiiat the ratio between the average intensities in two following bits is indeed 2. A 
similar relationship is also obtained when tiie ND filter has a density of 0.22 during tiie 
msb period, after which the density increases Imearly from zero to 0.3(m-lX while the 
timing sequence stays the same. 
15 Otiier optional implementations for varymg the brightiiess of the Ught are also 

possible and are encompassed wilhin tiie scope of the present hivention. For example, a 
varying wheel of neutral density filters could optionaUy be placed after tiie color filter 
wheel. This ND filter wheel would rotate synchronously witii tiie color filter wheel, so 
tiiat tiie ND filter wheel completes seven turns during one turn of tiie color wheel 
20 Another optional unplementation would use an electironicaUy controlled LC or 

Electro-optic Ught intensity modulator after tiie color filter wheel. Such a device 
controls tiie brightiiess of tiie filtered Hght tiirough an electronic (digital) contiol. One 
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example of such a device is ^e LC modulator from CRL Opto (United Kingdom). As 
another option, an electronic shutter system could be placed as an aperture controDing 
the amount of Ught arriving to the SLM, or passing from the SLM to the screen. 

The intensity of the light source could also optionally be altered, by modulating it 
5 m time. For example, the Ught source could optionaUy be unplemeuted as a flash lamp, 
which emits light in bursts or "flashes." The Ught then decays with time, such that tiie 
brightness of the Ught decreases over time. This decrease enables the intensity or 
brightness of flie Ught to be altered without a neutral density filter. Alternatively, in a 
similar system witii a flash lamp, the lamp could optionally also emit flashes of Ught 
10 with a high repetition rate, such tiiat the number of pulses per unit of time would 
determiue the brightness of the emitted Ught. 

Figs. 5A and SB show transmission spectra for the background art RGB system 
(FIG. 5 A) and for an exemplary color system according to Ihe present invention with six 
colors (FIG. 5B). As shown in FIG. 5 A, the transmission spectra of RGB filters, shown 
15 as spectra 84 (red), 86 (green) and 88 (blue), are Umited and cannot provide wide 
coverage for the gamut of colors desired to be displayed. FIG. 5B shows the 
transmission spectra ©rthe six color system, shown as spectra 90, 92, 94, 96; 98, and 
100. These spectra are obtained by halvmg the spectral range of each of the RGB filters 
with spectra as show in FIG. 5A. The pair of filters 90 and 92 cover tiie same spectral 
20 range of tiie wider filter 70, and so forth, tiiereby increasing the possible gamut of colors 
which can be covered. The selection of tiie number of primary colors is preferably 
performed according to a balance between the desirabiUty of addmg more primary 
colors, which increases the possible gamut of displayable colors, and tiie increased 
complexily of adding more colors. 
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The spectra of FIG. 5 A correspond to hexagon 22 (not shown, see FIG. 2), with 
points 24, 26, 28, 30, 32 and 34, which shows the increased size of the gamut of colors 
provided by more than four colors, as compared to the gamut produced by RGB 
phosphors (triangle 20 of FIG. 2). 
5 However, most electronic image data is typicaUy given in an RGB or RGB 

related format, according to some function of the RGB format, or in another format such 
as YCC-lype data. In an exemplary embodiment, the use of such data requires the data 
to be transformed into a format which is suitable for a display including at least four 
primaries. Optional methods for such data transformation is described with respect to 
10 Figs. 6A and 6B and in Fig. 1. For the purposes of description only and without any 
intention of being limiting, a six plus one color implementation of the system of the 
present invention is used, with six primary colors and a vMte light source defined by 
(Xi», yw). The white Kght source is preferably produced by a combination of the six 
primaries. In an alternate embodiment, the white source may be produced by a separate 
1 5 white filter or hght producing device. This arrangement creates six triangles in the color 
gamut-of the display. In alternate embodiments the point used to produce triangular 
regions need not be white or substantially white. 

As ejcplained with regard to the exemplary method in the flowchart of FIG. 6b, a 
signal such as a or YCC-type or RGB signal arriving as input is preferably transformed 
20 into XYZ coordinate space in step 1, by using a 3x3 matrix transformation as weU 
known in the art. The projection of this color to an inpTit poiat on the x-y chromaticity 
plane is calculated firom the XYZ coordinates in step 2. The position of the mput pomt 
(xo, yo) Hes within one of the sectors as shown in FIG. 6B. To determine in which sector 
the input point (xo, yo) appears, the angle of the point (xo. yo) with respect to a reference 
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primary, such as the most reddish primary, is calculated, taking the wHte point 
representing the white source as an origin in step 3 : 

,|, = 4,0+ (|)R = tg [(yo-ywy(xo-xw)] - tg [CyR-yNv)/(xR-xw)] 



where the sign of the tangent is determined by comparing the relevant y coordinate with 
yw. After determinmg the angle <[., it is compared with the angles (i = 1 - 6) of aU 
primaries to determine in which sector the input data point appears. After tins is 
calculated, the three colors at the triangle comers (namely, the white and two out of the 
six other colors which are at the comers of the relevant triangle, in tiiis example pi and 
P2) are used to create tiie additive Imear combmation representing the input data: 
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In step 4, the parameters (aw, ai, aa) of the combmation are given by: 
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The additive linear combination is solved for the constants aw, ai, and aj. 

The XYZ matrix can be inverted if the three primary vectors do not Ue on the 
same plane. If one of the parameters (aw, ai, az) is negative, tiie mput point Ues outside 
the gamut, in step 5. In tins case the negative value can be set to zero. These steps 
produce the resultant seven color (six color plus white Ught for brightness) data. 
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The parameters ai and Ba represent constants for the two non-white primaries 
defining the outside leg of the relevant triangle. The constants ai and aa represent the 
levels at which the prknaries corresponding to these constants should be displayed to 
reproduce the color represented by the input point (xo, yo)« Each of the six primaries 

5 P1-P6 contribute to the white source defmed by (Xw, yw) according to certain pre-defined 
levels^ as the white source is formed firom certaia proportions of each of these primaries. 
To determine the constants as, 84, as, and as, which determine the levels of the fpur 
primaries not part of the relevant triangle, the contribution level of the primaries 
corresponding to tihese constants to the white source (Xw, yw) are multiphed by the 

10 constant aw For example, if the primary corresponding to constant 3,3 contributes .25 
(on a 0-1 scale) to the white soiarce, .25 is multiplied by aw, to detenrdne as- Since, in 
one embodiment, the two non-white prhnaries forming the relevant triangle also 
contribute to the white source, an additional two levels are determined for these 
primaries based on their contribution to the white source and on the level aw, and these 

15 two levels are added to ai and az to calculate the contribution of these two constants 
towards producing the input point color corre^onding to the input point (xo, yo). 

In another embodiment, one white source (x^, yw) may be chosen for the purpose 
of forming triangular spectral regions with the six non-white primaries placed along the 
periphery of the horseshoe, and another set of sources wi-we (one for each pair of 

20 adjacent non-white primaries) may be used to calculate the contribution of die non-white 
primaries towards reproducing the color represented by the input point The sources 
WrWe need not be substantially white. In alternate embodiments the color or colors used 
as central points need not be white or substantially white. 

FIG. 7 depicts a chromaticity mapping for converting source data to calculate the 
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contribution levels of primaries acscording to an embodiment of the present invention. 
Referring to FIG. 7, the horseshoe 600 includes primaries pi-pe, white source (Xw, yw) 
and sources wi-we (for clarity only sources wi and wa are depicted). Source wj 
coirespondstothepair of adjacent primaries pi andpe and forms a triangular region with 
5 these primaries. Source wi corresponds to the pair of adjacent primaries pa and p4 and 
forms a triangular region with these primaries. 

First, the input point (xo, yo) representmg the target color is mapped on the space 
600, and the relevant triangle, defined by the white source (Xw, y^) and two non-white 
primaries is found, as described above. Next, a second source wp firom wi-we is referred 
10 to, the relevant source bemg that formed firom the six non-white primaries, with the 
exclusion of the two non-white primaries forming the outside leg of the relevant triangle. 
Preferably, the second source wp and the two non-white primaries forming the outside 
leg of the relevant triangle form a second triangle which substantially overlaps Hie 
relevant triangle. This relevant source wp is used along with the two relevant non-\^Mte 
15 priinaries in an additive linear combination similar to that described above: . 
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The parameters (a^p, ai, aa) of the combination are giveai by: 
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The additive liaear combination is solved for the constants Ewp, ai, and aa. 
The parameters ai and aa represent constants for the two non-white primaries 
defining the outside leg of the relevant triangle. The constants ai and aa are the levels at 
which these constants may be displayed projected onto a screen or displayed via an 
5 LCD) to reproduce the color represented by the input pomt (xo, yo). Each of the 

remaining four non-wMte primaries (the six non-white primaries not including the two 
relevant non-wMte primaries) contribute to the relevant source wp jBrom Wi-we according 
to certain pre-defined levels, as the relevant source is formed firom certain proportions of 
each of these remaining primaries. Thus, to determine the constants as, 84, as, and ag, the 
1 0 contribution levels of the primaries corresponding to these constants to the relevant 
source wp are multiplied by the constant a^p. Since, in such an embodiment, the two 
non-white primaries forming the relevant triangle do not contribute to the relevant 
source, no additional calculation needs to be performed to calculate the contribution of 
these two constants. 

1 5 While, in the above description, the methods are described with respect to six 

primaries, the above described methods may be used to transform a color point to a color 
system including any number of primary colors. Furthermore, in alternate embodiments, 
other sets of steps may be used to calculate the levels for a set of primaries using a set of 
triangular regions formed by pairs of Ihe primaries and central points. 

20 The set of steps above is preferably carried out by a processor or data converter 

which is part of a display system according to an exemplary embodipient of the present 
mvention. Such a processor or data converter may be any conventional data processing 
device, such as a microprocessor, "computer on a chip," or graphics processor. 

The method described above is only one possible way to transform the RGB data 
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to a format suitable for a display with at least fotir colors. In particular, regardmg the 
detailed procedure, it is not essential to include white Ught points among the color 
pomts. The procedui-e only requires &e definition of a set of triangles, which are based 
on the existing primaries and any set of additional colors, which preferably can be 
5 composed firom the other primaries. For example, the source or white color point could 
be replaced with a definition of the source or white point as bemg composed of equal 
amoimts of each of the six primaries. 

As shown with regard to FIG. 8, another optional embodiment of the system of 
the present invention is preferably based upon a simultaneous projection scheme. In a 
10 system 102, a white light source 104 produces a white Ught beam. The light beam is 
passed through a coUimating lens 106 for coUecting and focusmg the Ught. Next, the 
Ught is passed through a pluraUty of dichroic mirrors 108. Preferably, one dichroic 
mirror 108 is used for each desired primary color. Four such dichroic mirrors 108 are 
shown for the purposes of description only and without any intention of being Umiting. 
15 Each dichroic mirror 108 passes part of the Ught spectrum and reflects the remaining 
part of the light spectrum, thereby acting as a filter to produce Ught of each desired 
primary color. 

Next, a pluraUty of SLM (spatial Ught modulators) 1 10 is used. Each SLM 1 10 
is then used to modulate each of the beams according to the data of the image which is to 
20 be produced. The beams miay optionaUy be combined before projection, but preferably 
are projected on a display screen 112, as shown. For the latter implementation, the 
beams are combined at display screen 112. The mtegration of beams is performed on 
display screen 112 simultaneously. 

OptionaUy and more preferably, each SLM 110 has an associated koagmg lens 
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1 14 for focussing the beam on display screen 112 as the beam passes through SLM 110. 
Each imaging lens 1 14 is preferably positioned away from the axis of the beam of light 
after passing through SLM 110, such that that combined beams of Ught appear to be in 
registration on display screen 112. Alternatively, mirrors could optionally be used for 
5 placing the beams of Ught in registration, and/or the angle of each SLM 110 could 
optionally be adjusted in order to adjust the angle of tiie beam of light as it ejdts each 
SLM 110. 

According to another embodiment, the light from the white light source is split 
into a plurality of beams. The beam splitting can optionally be performed by dispersing 

10 the Ught through a prism/grid and collecting the relevant parts of the spectrum. 
Alternatively, the white Ught can be spirt without disparsion into a pluraUty of beams, 
after which each beam is filtered to create each of the relevant colors. Also 
alternatively, a suitable arrangement of dichroio mirrors/filters may optionally be used. 

A similar implementation is optionally and preferably based on seven CRT 

1 5 (cathode ray-tubes) with suitable phosphors or black-and-white CRT with suitable filters 
that are projected onto a screen and combined there in registration as in three-primary 
CRT (cathode-ray tube) projectors (for example, ReaUty 800 series of products from 
Barco Inc.). 

In one embodiment of the present invention, a set of filters is chosen to gain the 
20 widest chromatic coverage possible while maintaining white balance, efficiency and 

brightness. FIG. 9 is a chart depicting the chromaticity for a set of filters for use with a 
display system according to one embodiment of the present invention. Referring to FIG. 
9, the horseshoe 600 represents the gamut generally viewable by humans, and thus the 
gamut which it is desirable to reproduce in a display. Triangle 602 represeute flxe typical 
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range of a prior art display, using primaries described by fbe points a, b and c. A more 
accurate and true color di^lay, having a wider chromatic coverage, may be achieved by 
using, for example, primaries described by the points 610, 612, 614, 616, 618 and 620. 
Such a set of primaries may be chosen in order to increase the coverage in the 
5 chromaticity, to provide maximal brightaess and efficiency, and to allow for wMte to be 
produced by a simple summation, preferably in equal proportions, of the primaries, 
rather than by a combination using unequal proportions of the primaries. 

In one embodiment of the present invention, a set of filters is chosen based on the 
principle that, to obtain a wide coverage of the chromatic gamut, for each of the comers 
1 0 604, 605 and 606 of the horseshoe 600, at least one primary should be chosen to fall near 
a comer 604, 605 or 606. In one embodiment of the present invention, a set of at least 
three prunaries is chosen, such that at the fflters for at least three primaries in the set 
have the following characteristics: one filter does not pass wavelengths substantially 
below 600 nm, another does not pass wavelengths substantially above 450 nm, and the 
15 third is a narrow band-pass filter with a central wavelength in the range of 

approximately 500-550 nm, whose total width does not substantially exceed 100 nm. 
Additional primaries may be chosen to increase the number of colors which can be 
represented, beyond tiie triangle created by the three filters, to increase the brightness 
and efficiency, and to allow for white balance. 
20 FIG. 10 is a chart depicting the chromaticity ranges firom which a set of filters 

may be chosen for use with a display system accordmg to one embodhnent of the 
present invention. The chromaticity ranges depicted in Fig. 1 0 are meant to be used 
with D65 illumination; other types of illumination may be used. Referring to FIG. 10, 
the horseshoe 600 represents the gamut generally viewable by humans. The region 630 
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represents chromaticity region corresponding to a set of filters which may be chosen that 
do not pass wavelengths substantially below 600 nm. The region 640 represents 
chromaticity region corresponding to a set of filters which may be chosen that do not 
pass wavelengths which are substantially above 450 nm. The region 650 represents a 
chromaticity region corresponding to a set of filters, where the filters are represent 
band-pass filters which pass a band of wavelengths centered on points ranging from 
approximately 500 to 550 nm and having a width of not substantially more than lOOmn. 
In one embodiment, a set of primaries for a display system are chosen such that each of 
at least three of the set of primaries is in one of regions 630^ 640 and 650. For a given 
region 630, 640 or 650, more than one primary may be chosen having wavelengths 
substandaUy in regions 630, 640 and 650. 

Referring to FIG. 9, primaries 610, 614, 616 and 620 are chosen from the 
chromaticity regions shown in FIG. 10. Prhnaries 612 and 618 are chosen to increase 
gamut coverage and to aid in producing white balance and for efficiency and brightness. 

FIG. 1 1 is a graph a graph of the transmission spectra of filters producing the set 
of primaries depicted in FIG. 9. Referring to FIG. 1 1, a first filter passes wavelengths in 
the range 661, and corresponds to the primary 616 in FIG. 9. This filter corresponds to a 
primary chosen from the region 640 in FIG. 10, A second filter passes wavelengths m 
the range 662^, and corresponds to the prhnary 61 8 in FIG. 9. A thhrd filter passes 
wavelengths in the range 663, and corresponds to the primary 620 in FIG. 9. This filter 
corresponds to a primary chosen from the region 650 in FIG. 10. A fourth filter passes 
wavelengths in the range 664, and corresponds to the primary 610 in FIG. 9. This filter 
corresponds to a primary chosen from the region 650 in FIG. 10. A fibRh filter passes 
wavelengths in the range 665, and corresponds to the primary 612 in FIG. 9. A sixth 
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filter passes wavelengths inthe range 666, and coiresponds to the primary 614 in FIG. 9. 
This filter coiresponds to a primary chosen from the region 630 in FIG. 10. 

In alternate embodiments, other combinations of prunaries and filters may be 
used which include the three primaries from the ranges discussed above. For example, 
5 the three primary colors from the ranges discussed above may be used in combination 
with only one addition primary color from outside these ranges. 

hi one embodiment of the present mvention, a set of primaries and filters is 
chosen so that a spectral reconstruction of certain set of colors is obtained. When 
reproducing "real" or "natural" colors for human viewing using a finite set of primaries, 
10 a certain target color to be reproduced may be reproduced by different sets of levels or 
combmations of the set of primaries. Many different spectra may be represented by the 
same target color coordinates, a phenomenon named metamerism. Representing a target 
color using a set of primaries based on an "average" human observer's reaction to a set 
of primary colors is inaccurate, as an actual human observer is unlikely to perceive the 
15 representation of the target color as matching the actual target color. 

In Ihe prior art, the spectra of primary colors for display and other systems (such 
as printing systems) has been chosen based on a colorimetric match. In a colorimetric 
match, a series of human subjects are shown a color patch created using a combination 
of three of primaries. Each subject is shown two patches; a target color patch and a 
20 patch created from a mix of three primaries. The level of each primary is adjusted until 
the subject reports that the target patch and primary patch are identical. The primary 
levels are recorded, and the process is repeated for a series of other target colors. For 
each target color, the levels across the set of human subjects are averaged. The resulting 
set of averaged levels is used as a model for reproducmg the target colors. Formmg 
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color via colorimetric analysis results in inaccuracies in people's perceptions of colors 
produced by the resulting displays, as each person perceives color differently. A person 
viewing a display using primaries produced through colorimetric matching is unlikely to 
perceive colors as do the "average" humans used to create the primary spectra, and thus 

5 is likely to perceive different colors liian intended- 

In order to increase tiie accuracy of colors represented by a set of primaries, and 
to increase the likelihood that different human observers will perceive certain colors 
accurately, one embodiment of the system and method of the present uivention is used to 
choose and define a set of primaries based on a spectral match rather than a colorimetric 

10 match, such a set of primaries may be used in a display system accordmg to an 
embodiment of the present iavention. A set of primary colors are chosen so that they 
most accurately reproduce a set of actual spectrum samples. 

In one embodiment, to choose a set of 1 primaries for use, for example, in a 
display system, a target set of spectra to be reproduced are chosen, and a set of 1 

15 primaries are chosen which optimally reproduce the set of target spectra "While the set 
of 1 primaries are used to reproduce a broad set of visible spectra, it is desired that the 
target set of spectra in particular be reproduced as accurately as possible. The set of 
target spectra may be chosen for use with a certain application; for example, color fiLlm 
reproduction. 

20 For example, in order choose a set of 1 primaries (where, for example, 1=6) for 

use with a color display optimized to reproduce the color spectra of a certain type of 
color fihn, a set of m sample spectra produced by the color film itself are selected, and 1 
primaries are created which optimally produce the desired color spectra. In color film, 
light is passed through layers of cyan, magenta and yellow dyes. The concentrations of 
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the dyes determme tiie transmission spectrum of the film. The concentrations are 
measured as red, green and blue densities for tiie cyan, magenta and yeUow dyes, 
respectively. The concentrations are varied according to the ejsposure of the fihn; 
according to ti^e color spectra falling on the fihn during exposure. In one embodiment, a 
5 set of sample tiransmission spectra which are typical for films are chosen, and a set of 1 
filters or primaries are selected such that for each of the given sample transmission 
spectra, a color can be produced which substantially simulates die sample spectmm. 
Preferably, each sample spectra is associated wilii tiie dye densities producing the 
spectrum, allowing for source data corresponding to the dye densities to be easily 
1 0 converted to primary levels in a display system. 

Hie m sample spectra may be chosen based on certain constraints, or witii certain 
goals in mind. For example, tiie sample spectra may include colors such as "memory 
colors," colors which may be easily perceived by human observers as incorrectly 
reproduced. Memory colors may include, for example, skin tones or tiie color of grass. 
15 If a display inaccurately reproduces skin tones, a human observer is more likely to notice 
the inaccuracy than if a display inaccurately reproduces, for example, tiie colors of a set 
of baHoons. The sample spectra may include samples firom photographs or fihns of 
actual objects. The sample spectra may include a broad range of hues with different 
saturation and bri^tness levels for each hue. 
20 To determine the spectra of the primaries and tiie number of tiie primaries, the m 

target spectra chosen are sampled at a certain number n of sample wavelengtiis. Hie 
measured spectra are sampled at certain wavelengths at tiie deshred resolution. For 
example, tiie spectra may be sampled across tiie range 400 - 700 nm witii a 10 nm 
resolution, giving 31 sample points for each spectrum. Each continuous sample 
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spectrum is thus converted to a vector in an n - dimensional space; in the example given 
n = 3 1 . Each of tihe m vectors Sj^X) , i = l»m and A =Lm (n=3 1 in the example) is an 
ordered set of n nimibers each preferably between 0 and 1 , Each number represents the 
sampled spectral value at the corresponding wavelength A across the range of 400-700 
mn. The spectra of all patches are arranged in an /w x n matrix Sa? ??? preferably m » 
n where m is the mnnber of spectra sampled and n is the number of sample points for 
each spectrum. 

To find a set of 1 primaries which can reproduce the sample spectra with some 
accuracy, the set of n basis vectors Wi(X) I «n, preferably / «>% is found which span 
the same sub-space which is spamed by the m sample vectors, such that || Si(X)- Z/ 
anW^i(X)\\ is near zero for all /n vectors. Here ||x|| is the norm of the vector x- Each 
basis vector is a spectrum haviug n sample points which may be used to create, for 
example, a primary color or a filter for a primary color. A primary or filter may 
corre^ond to a basis vector, in that a basis vector may provide a spectral model for 
forming a primary or filter. The basis vector may be modified in any number of ways to 
create a spectrum for a filter; for example, the basis vector may be rotated, or its 
constants may be transformed according to various methods. 

The m sample vectors may be converted to the n basis vectors using various 
methods. In an exiemplaiy embodiment, a subset of 1 basis vectors firom the n basis 
vectors is chosen, such that the subset includes those basis vectors most contributiag to 
reproducing the m sample spectra. Preferably, a process similar to factor analysis is 
used to eliminate any negative values, and the resulting 1 basis vectors are rotated. Also 
preferably, fiirfher requirements are that the coefficients 0 <aii< 1, and that 0 <^i(X)< 
1 for all i, 1 and X. 
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In one embodiment, the kno-wn singular value decomposition (SVD) method is 
used. Preferably, the m :e n matrix S = Siz matrix, preferably m » n, is decomposed 
into three matrixes, such as S = V W U, where Yisanmxn matrix, W isaiLn xn 
diagonal matrix, and U is an k x k orthogonal matrix. 
5 The decomposition may be written as: 

k 

which can be written in vector representation as: 

fc * 

Thus the sample vectors Sj^Jl) are Linear combinations of n basis vectors Uj/^), 

10 l^l..n. 

The rows of U include the n basis vectors. W includes the weights of the basis 
vectors, Hie contribution each of the n basis vectors makes to Ibe solution. The diagonal 
of W mcludes n constants, preferably between 0 and 1, representing the relative amount 
each of the n basis vectors makes to the solution. V contains the weighted 
15 decomposition coefficients. 

Preferably, less than n primaries are to be determined. If there is dependence (or 
near dependence) between the m original sample vectors in such a way that the 
sub-space spanned by the m original sample vectors has lower dimensionaUty, some of 
the weights on the diagonal of W are zero or near zero. By eliminating. certain rows of 
20 U including basis vectors corresponding to these low weights, a basis of lower 

dimenaonality is obtamed. The decision as to which weights are smaE enough is based 
on the required accuracy of the eventual reconstruction. Therefore, a reduced set of 1 
basis vectors, 1 < n, which contribute most to the solution or which are most relevant to 
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the reconstructioii of the sample colors are identified, preferably based on the set of 
constants in the matrix W. The 1 highest constants are identified, and Hie 1 basis vectors 
corresponding to these constants are used. Alternately, the number of basis vectors used 
may be determined by determining which basis vectors contribute a certain percentage to 
the solution. For example the 1 basis vectors which contribute to 90% of the solution 
may be identified. In alternate embodiments the number of basis vectors need not be 
reduced. 

,,The basis vectors ^i(JLJ are orthogonal, and therefore tiiey may include negative 
numbers. Since the filters producing the primaries transmit light in proportions between 
0 (no light transmitted) and 1 (complete transmission), the basis vectors preferably 
include only positive numbers, preferably between 0 and 1. 

In one embodiment, a process sinular to factor analysis is used to convert the set 
or the reduced set of basis vectors ^i(X) to a set of basis vectors which are 
not-orthogonal and include positive numbers, preferably between 0 and 1. Preferably, 
the basis vectors are rotated, using known vector transformations, to determme a set of 
bads vectors such that 0 < ^ 1 and that for any Si(Ji) s S/ o^i(JL) the 

coefEicienIs 0 ^o^t< I. 

A set of primary color spectra, and filths for those spectra, may be created firom 
the resulting basis vectors. Preferably, for each basis vector, a curve is created firom the 
n levels in the vector. Various methods may be used to create such a curve, such as 
interpolation. Such a curve is used to produce a filter passing a range of wavelengths 
corresponding to or substantially corresponding to the curve. This filter may be used in 
a display system according to an embodiment of the present invention to produce a 
primary color corresponding to tiie basis vector. 
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in alternate embodiments, other methods of dete rmining basis vectors, such as 
component analysis (PCA), may be used. In one embodiment using PCA, m vectors 5/ 
aie gathered in the ^-dimensional space, and the covariance matrix C is calculated, such 
as: 



where: 

The covariance matrix is an n ;c « symmetric matrix. The eigenvalues a3Qd the 
eigenvectors of the covariance matrix are then found. The eigenvalues are the weights 
of each eigenvector in the basis. The basis vectors are oirthogonal, and can be rotated so 
that a new basis is constructed v^iiich fulfils the requirements. 

In alternate embodiments other series of steps may be used to convert a set of 
sample spectra to a set of primaries which may be used to produce those sample spectra. 

A display according to an embodiment of the present invention accepts source 
such as RGB, CYM or YCC-type values, and converts the source data mto primary 
levels for display. If a set of primaries has been created by referring to a set of sample 
spectra, as described above, and each spectrum of the set of sample spectra corresponds 
to certain soiurce data values, such as dye concentrations or other values (RGB, YCC, 
etc.), the conversion of the source data into primary levels may involve reference to the 
set of data created during the selection of the primaries. When converting a set of m 
sample spectra to a set of 1 primaries, each sample spectrum may have been associated 
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with a set of color values such as dye concentrations or primary values {e.g., a set of 
RGB or YCC-type levels). If the source data corresponds directly or easily to the set of 
color values, the color values used in the original conversion may be used to convert the 
source data to estimated primary levels which, in turn, may be used via interpolation to 
5 calculate the actual primary levels for the source data. 

For example, source data may be RGB values from a source jBlm or YCC values 
transformed to RGB values, and the primaries used in the display may have been created 
based on a set of samples dejoned by the RGB or YCC values. The RGB values 
represent the densities of the cyan inagenta and yellow dyes, respectively, used to create 
10 the source film. To convert source data to a set of constants used to display primaries in 
an imaging system or monitor according to one embodiment of the present invention, 
j&rst the transmission spectrum of the film is evaluated from the RGB values in the 
source data. A spectrum is constracted from the filter transmission spectra, and possibly 
m addition taking account of liie required illumination. A set of constants is generated 
1 5 which allow the set of primaries to approximate the constructed spectrum. Preferably, a 
colorimetric difference between the spectra estimated fix>m tihe source date, and the 
spectra reconstructed usmg the primaries is calculated, and, if necessary, a correction is 
performed. 

Various methods may be used to recreate the source spectrum from the source 
20 data. A physical model for the transmission of the source fikn may be calculated, if the 
absorptions pf the dyes are known along with the reladonsMp between the density and 
the concentration of the dyes. For example, a model for recreating source spectrum from 
source data may be: 
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r(A) = 10 -10 -■^''''*'<^> -10 -^'"''("'5 



where aA), i = C, M, X are the absorbance of the relevant dye for a density 1. The 
densities Dr, Dq, Db are cdculated flrom the source data. Thus, for a given source data 
5 value a spectrum T(X) can be evaluated. More elaborate physical models can also be 
implemented. 

In an alternate embodiment, the transmission spectra may be evaluated by 
interpolation in a look-up-table. When deteimining the primaries, a set of spectra is 
measured to determine Ihe filters, and RGB (or other source data) values have been 
10 associated with each spectrum, a spectrum may be found for each value of RGB by 
interpolating between spectra in the known set of sample spectra. In further 
embodiments, other methods may be used to produce transmission spectra. 

After the transmission spectrum resulting from the source data is evaluated, the 
projected spectrum may be calculated firom the Mght projected through the 'Sdrtual" film 
15 SQXyiQC), where S(X) is a Ught source spectrum, possibly corrected by Ihe optics of the 
projector. Hiis projected spectrum may be calculated based on the reconstructed 
transmission data. The projected spectrum may be expressed as a function of the J - 
filters used with the by the / - primary monitor, allowing for the constants for the filters 
to be solved. Thus: 

20 



S(A)r(;L) = i;fl.-5(A)T,(A) 
1=1 



Preferably, as shown in the equation above, the same Ught source is used for the fihn and 
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the filter projector; in alternate embodiraents different light sources may be used. 
Preferably, to solve the equation for the set of primary parameters au a constrained least 
squares method is used. Preferably the resulting parameters a; are in the range [0,1] and 
are used to determine the proportions of the primaries for the monitor. 

Alternately, to transform source data into a set of primary constants au the sets of 
primary constants created during the primary creation calculations may be use4 and the 
resulting values interpolated. In one embodiment, when defining a set of primaries for 
use with a display system, a set of sample spectra associated with source data such as 
RGB values are created. While calculatmgthe spectra for the primaries, each of the 
sample spectra are associated with a set of constants which may be used in conjunction 
with the resulting primaries to approximate the sample spectra. These constants may be 
placed m a look-up-table and indexed by the source data (e.g., RGB data) used to create 
the spectra. During the operation of a display system using the primaries, to convert 
source data to a set of primary constants, the look-up-table is referenced to find sets of 
constants close to the solution. Interpolation is performed on these sets of constants to 
produce a set of constants allowing the primaries to approximate the target spectrum. 

Color correction on the resulting set of constants may be performed to obtam a 
better color match. The color correction involves a comparison between color 
coordinates of the projected spectrum based on the input data to that of the spectrum to 
be produced firom the / - filter monitor. For given source values the color coordinates of 
light projected through the film can be evaluated, as shown above. In a similar manner, 
the color coordinates of the / -filter monitor can be evaluated. To correct any 
discrepancies between the source produced spectra and the primary produced spectra, 
and various methods may be used. For example, a colorimetrio difference between the 
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soxurce and primary spectra may be calcialated and the appropriate correction performed. 

Conversion of soiirce data to constaats for use with primaries is preferably 
carried out by a processor or data converter which is part of a display system according 
to an exemplary embodiment of the present invention. Such a processor or data 
5 converter may be any conventional data processing device, such as a microprocessor, 
"computer on a chip," or graphics processor. 

While the invention has been described with respect to a limited number of 
embodiments, it will be appreciated that many variations, modifications and other 
applications of the invention may be made. 
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WHAT IS CLAIMED IS: 



1 . A device for displaying image date of a pliirality of colors, the device 
comprising: 

(a) a light source for producing light having at least foxir primary colors; 

(b) a controller for detennining a combination of at least one of said at least 
four primary colors according to the image data for production by said 
light source, such that said controller is separate from said light source; 

(c) a viewing screen for displaying the image data according to said 
combination from said controller. 



2. The device of claim 1, wherein said hght source features a plurality of 
monochromatic sources, each monochromatic source producing light of one of said at 
least four primary colors. 

3. The device of claim 2, wherein said viewing screen features a plurality of 
groups of pixels, each group of pixels including at least four pixels, each pixel 
corresponding to a primary color. 

4. The device of claim 2, wherein said monochromatic light source is a 

laser. 



5. The device of claim. 1, further comprising: 
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a projector for projecting light of said at least four primary colors onto 
said viewing screen according to said combination. 



6. The device of claim 5, wherein said light source comprises: 
5 (i) a polychromatic soinrce; and 

(ii) at least four color filters, each color filter corresponding to a primary 

color for filtering polychromatic Kght firom said polychromatic source to 

produce light of said at least four primary .colors. 

10 7. The device of claim 6, wherein said projector fiirfher comprises a spatial 

light modulator for determining a path of light of each primary color. 

8. The device of claim 7, wherem said proj ector spatially alters a path of 
Eght of eachpiimary color for projection onto said viewing screen 

15 

9. The device of claim 7, wherein said projector detetmines projection of 
light of each primary color according to a temporal sequence. ' 

10. The device of claim 9, wherein said light source furfher comprises: 
20 (iii) a color wheel for holding said color filters; and 

(iv) a motor for relating said color wheel. 

11. The device of claim 10, where said spatial light modulator is selected 
&om the group consisting of a binary modulation type and a continuous modulation 
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type, 

12. The device of claim 1 1, wherein said spatial light modulator is selected 
from the group consisting of DMD^ FLC, quantum well modulator and electro-optical 
modulator. 

13 . The device of claim 1 1, wherein said spatial light modulator is selected 
from the group consisting of LCD, electro-optical modulator and magneto-optical 
modulator. 

14. The device of claim 6, where said spatial li^t modulator is selected from 
the group consisting of a binary modulation type and a continuous modulation type. 

15. The device of claim 14, wherein said spatial light modulator is selected 
from the group consisting of DMD^ FLC, quantum well modulator and electro-optical 
modulator. 

16. The device of claim 14, wherein said spatial light modulator is selected 
from the group consistmg of LCD, electro-optical modulator and magneto-optical 
modidator. 

17. The device of claim 6, wherein said light source further comprises a 
continuously variable neutral density filter for controlling brightness of said light of said 
at least four primary colors. 
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18. The device of claim 1, wherein said light source produces light of six 
primary colors. 

19. The device of claun 1, wherein said light source additionally produces 
AvMte light for controlling brightness of said light of said at least four primary colors. 

20. The device of claim 1, wherein said combination firom said controller is 
digital image data, 

21. The device of claim 1, wherein said combination from said controller is 
an analog image signal. 

22. A system for displaying unage data of a plurality of colors, the system 
comprising: 

(a) a light source for producing li^t having at least four primary colors; 

(b) a converter for converting the image data to a combination of at least one 
of said at least four primary colors to form a map; 

(c) a controller for controlling a production of said combination from said 
light source, wherein said controller is separate from said light source; 
and 

(d) a viewing screen for displaying the image data from said combination 
from said light source as controlled by said controller. 
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23. In a device for displaying image data of a plurality of colors, the device 
comprising a light source for producing light having at least four primary colors and a 
viewing screen for displaying the image, the light being projected onto the viewing 
screen, a method for creating the image for displaying, the method comprising: 

(a) producing light by the Hght source of at least four primary colors; 

(b) determining a path for hght of each primary color according to the image 
data; and 

(c) projecting said light of each primarj'' color according to said path onto the 
viewing screen to form the image- 



10 



24, A device for displaying image data of a plurality of colors, the device 

comprising: 

(a) a light source for producing light having at least four primary colors, said 
light source comprising: 

15 (i) a polychromatic soxarce; 

(ii) at least four color filters, each color filter corresponding to a 
primary color for filtering polychromatic light firom said 
polychromatic source to produce light of said at least four primary 
colors; 

20 (iii) a continuously variable neutral density filter; 

(iv) a color wheel for holding said color filters and said continuously 
variable neutral density filter; and 

(v) a motor for rotating said color wheel; 

(b) a controller for determining a combination of at least one of said at least 
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four primary colors according to the image data for production by said 
light source, such that said controller is separate j&om said Ught source; 

(c) a \de'wing screen for displaying the image data according to said 
combination from said controller; and 

(d) a projector for projecting light of said at least four primary colors onto 
said viewing screen according to said combination, further comprising a 
spatial light modulator for determining a path of light of each primary 
color, for determining projection of light of each primary color according 
to a temporal sequence. 



25. A device for displaying image data of a plurality of colors, the device 
comprising: 

(a) a light producing means for producing light having at least four primary 
colors, said light producing means comprising: 

(i) a polychromatic source; 

(ii) at least four color filters, each color filter corresponding to a 
primary color for filtering polychromatic light from said 
polychromatic source to produce light of said at least four primary 
colors; 

(iii) a continuously variable neutral density filter; 

(iv) a color wheel for holding said color filters and said continuoxisly 
variable neutral density filter; and 

(v) a motor for rotating said color wheel; 

(b) a controller means for determining a combination of at least one of said at 
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least four primary colors according to the image data for production by- 
said light source; 

(c) a viewiug screen for displaying the image data according to said 
combination from said controller; and 
5 (d) a projector means for projecting light ofsaid at least four primary colors onto 

said viewing screen according to said combination, further comprising a spatial Hght 
modulator means for determining a path of Hght of each primary color, for detemaining 
projection of light of each primary color according to a temporal sequence. 

10 26. A device for displaymg image data of a plurality of colors, the device 
comprising: 

(a) a light source for producing light having at least four primary colors, 
wherein at least three of the primary colors include substantially all 
wavelengths in the visible spectrum; 
15 (b) a controller for determining a combination of at least one of said at least 

four primary colors according to the image data for production by said 
light source, such that said controller is separate from said light source; 
and 

(c) a viewing screen for displaying the image data according to said 
20 combination from said controller. 

27. The device of claim 1, wherein the controller translates a first color space signal 
to an n primary color space signal, usmg a chromaticity diagram which is expressed in a 
two dimensional space, the chromaticity diagram including n points CI through Cn, each 
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corresponding to one of the n piimaries, and wherein the controUer performs the steps 
of: 

mapping a point P on the chromaticity diagram, the point P representing a color 

P; 

mapping n triangular areas on the chromaticity diagram, each triangular area 
having as its comer points the point P and two points chosen from points CI through Cn; 

mapping the first color space signal on the chromaticity diagram as a point D; 

determining in which triangle T the point D is located, the triangle T being 
formed by the point P and the points X and Y chosen from points CI through Cn; and 

using the pomts X and Y and a third point to create an additive linear 
combinatiorL 

28. The device of claim 1, wherein the primary colors are created by a method 
comprising: 

creating a set of sample colors; and 

deteimining a set of primary colors accurately simnlatmg the set of sample 
colors. 

29. The device of claim 1, wherein the light source comprises: 

a first primary having a set of wavelengths falling within the range of 
approximately 450 nanometers and below; 

a second primary having a set of wavelengths fallmg within the range of 
approximately 600 nanometers and above; and 

a third piimary having a set of wavelengths centered around a center 
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wavelengtii of approximately 500 to 550 nm and having a width of wavelengths 
not exceeding approximately 100 nm. 

30. The device of claim 1 , wherein said light producing means features- a plurality of 
monochromatic sources, each monochromatic source producing light of one of said at 
least four primary colors. 

31. The device of claim 1^ further comprisiag: . 

(d) a projector means for projecting ligbt of said at least four primary colors 
onto said viewing screen according to said combhiation. 

32. The devicfe of claim 5, wherein said light producing means comprises: 

(i) a polychromatic source; and 

(ii) at least four color filters, each color filter corresponding to a primary 
color for filtering polychromatic light firom said polychromatic source to 
produce light of said at least four primary colors. 

33 . The device of claim 7, wherein said projector means determines projection of 
light of each primary color according to a temporal sequence. 

34. The device of claim 1, wherein said hght producing means produces light of six 
primary colors. 

35. A system for displaying image data of a plurality of colors, the system 
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a light producing means for producing light having at least four primary 
colors; 

a converter means for converting the image data to a combination of at 
least one of said at least four primary colors to form a map; 
a controller means for controlling a production of said combination firom 
said Ught source; and 

a viewing screen for displaying the image data j&om said combination 
from said light source as controlled by said controller. 

36. A method for translating a three value color space signal to an n primary color 
space signal^ using a chromaticity diagram which is expressed in a two dimensional 
space, where the two dimensions represent a first value and a second value of the three 
value color space, the chromaticity diagram including n points CI through Cn, each 
corresponding to one of then primaries, fhe method comprising: 

mapping a point P on fhe chromaticity diagram, the point P representing a color 
P and being within fhe space bordered by the points CI through Cn; 

mappiag n triangular areas on fhe chromaticity diagram, each triangular area 
havmg as its comer points the point P and two adjacent points chosen from pomts CI 
through Cn; 

mapping the three value color space signal on the chromaticity diagram as a 
point D; 

determming in which triangle T the point D is located, the triangle T being 
formed by the point P and the points X and Y chosen from points CI through Cn; 
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using the tiiree colors foiming the triangle T to create an additive linear 
combination; and 

solving the additive linear combination for the constant ap, representing the 
contribution of the color P to the n primary color space signal, the constant ax, 
representing the contribution of the color corresponding to point X to the n primary color 
space signal, and the constant ay, representing the contribution of the color 
corresponding to point Y to the n primary color space signal. 

37. The method of claim 36, wherein the point P corresponds to a substantially white 
color. 

38. The method of claim of 36, wherein a set of pomts Q chosen from points CI 
through Cn do not form the triangle T, comprising determining the contribution of the 
colors represented by the points Q to the color space signal based on the contribution of 
the colors represented by the points Q to the color P, 

39. The method of claim of 36, wherein the color P is formed from a combination of 
the n prunaries. 

40. A device for displaymg image data of a plurality of colors, the device 
comprising: 

(a) a light source for producmg light having at least four primary colors; 

(b) a controller perfbrmiug at least the steps of claim B 1 ; and 

(c) a viewuig screen for displaying the image data according to said 
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combination j&om said controller. 
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41. A method for translating a first color space signal to an n primary color space 
signal using a chromaticity diagram which is expressed in a two dimensional space, the 

5 chromaticity diagram including n points CI through Cn, each corresponding to one of 
the n primaries, the chromaticity diagram including a point P representing a color P, the 
method comprising: 

mappiag n triangular areas on the chromaticity diagram, each triangular area 
having as its comer points the point P and two adjacent poiats Cx and Cy hemg chosen 
10 from points CI through Cn; 

mapping the first color space signal on the chromaticity diagram as a point D; 
determining in which triangle T the point D is located, the triangle T being 
formed by the point P and the points X and Y; and 

determining the constants ap, ax, and ay, ap representing the contribution of the 
1 5 color P to the n primary color space signal, ax representing the contribution of the color 
corresponding to point X to the n primary color space signal, and ay representiag the 
contribution of the color corresponding to point Y to the n primary color space signal. 

42. The method of claim 41 , wherein the point P corresponds to a substantially white 
20 color. 

43. Hie method of claim of 41, wherein a set of points Q chosen firom points CI 
through Cn do not form the triangle T, comprisuig determining the contribution of the 
colors represented by the points Q to the color space signal based on the contribution of 
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the colors represented by the points Q to the color P. 
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44. A raethod for translating a three value color space signal to an n primary color 

space signal, iising a chromaticity diagram which is expressed in a two dimensional 
5 space, vfhcre the two dimensions represent a first value and a second value of the three 

value color space, the chromaticity diagram includmg n points CI through Cn, each 

coiresponding to one of the n primaries, the method comprising: 

mapping a point Pa on the chromaticity diagram, the point Pa representing a 

color Pa and being within the space bordered by the points CI through Cn; 
10 mapping n triangular areas on the chromaticity diagram, each triangular area 

having as its comer points the pomt Pa and a pair of adjacent points Cx and Cy, the 

points Cbi: and Cy being chosen fi-om points CI tiirough Cn; 

for each adjacent pah of pohrts Cx and Cy chosen from points CI through Cn, 

mapping a corresponding point Px corresponding to a color Px, the color Px being 
15 formed from the subset of the n primaries not mcluding the primaries corresponding to 

CxandCy; 

mappmig the three value color space signal on the chronaticity diagram as a 
point D; 

determining in which triangle T the point D is located, the triangle T being 
20 formed by the point Pa and the points X and Y; 

determining a triangle S substantially overlapping triangle T, triangle S being 
formed by the correspondmg pomt Px corresponding to the points X and Y and by the 
points X and Y; 

using the three colors forming the triangle S to create an additive linear 
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combimtion; and 

solving the additive linear combination for the constant ap, representing the 
contribution of the color represented by the corresponding point Px to the n primary 
color space signal, the constant ax, representing the contribution of the color 
5 conrespondiag to point X to the n primary color space signal, and the constant ay, 

representing the contribution of the color corresponding to point Y to the n primary color 
space signal. 

45. The method of claim 44, wherein the point Pa corresponds to a substantially 
10 white color. 

46. The method of claim of 44, wherein a set of points Q chosen from points CI 
through Cn do not form the triangle comprising determining the contribution of the 
colors represented by the points Q to the color space signal based on the contribution of 

15 the colors represented by the points Q to the color P. 

47. The method of claim of 44, wherein the color Pa is formed from a combination 
of the n primaries. 

20 48. A device for displayiag image data of a plurality of colors, the device 
comprising: 

(a) a light source for producing light having at least four primary colors; 

(b) a controller performing at least the steps of claim 44; and 

(c) a viewing screen for displaying the image data according to said 
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combioalioii from said controfler. 
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49. A method for translating a first color space signal to an n primary color space 
signal, using a chromaticity diagram whicli is expressed in a two dimensional space, 
5 Where the two dimensions represent afirst value and a second value of the first color 
space, the chromaticity diagram iacluding n points CI through Cn, each corresponding 
to one of the n primaries, the method comprising: 

mapping a point Pa on the chromaticity diagram, the point Pa representing a 
color Pa and being within the space bordered by the points CI through Cn; 
1 0 mapping n triangular areas on the chromaticity diagram, each triangular area 

having as its comer pomts the pomt Pa and a pair of adjacent points Cx and Cy, the 
points Gk and Cy being chosen firom pointe CI through Cn; 

for each pair of adjacent points Cx and Cy chosen firom points CI through Cn, 
mapping a corresponding point Px corresponding to a color Px, the color Px being 
15 foraied firom the subset of the n primaries not induding the primaries corresponding to 
Cx and Cy; 

mapping Ihe first color space signal on the chromaticity diagram as a point D; 

determining m which triangle T the point D is located, the triangle T being 
formed by the point Pa and the points X and Y; 
20 detennining a triangle S substantially overlapping triangle T, triangle S being 

formed by tiie corresponding point Px corresponding to the points X and Y and by the 
points X and Y; 

using the three colors forming the triangle S to create an additive Imear 
combination; and 
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determiiiiiig liie constants ap, ax, and ay, ap representing tiie contribution of the 
color represented by the corresponding point Px to the n primary color space signal, ax 
representing the contribution of the color corresponding to point X to the n primary color 
space signal, and ay representing the contribution of the color coirespondmg to point Y 
5 to the n-primary color space signal, 

50. The metiiod of claim 49, wherein the point Pa corresponds to a substantially 
white color. 

10 51. The method ofclaimof49, wherein a set of pomts Q chosen firom points CI 
through Cn do not form the triangle S, comprising determining the contribution of the 
colors represented by the points Q to the color space signal based on the contribution of 
the colors represented by the points Q to the color P. 

15 52, The method of claim of 49, wherein the color Pa is formed firom a combination 
offhen primaries. 

53. A color display comprising: 
(a) a light source; 

20 (b) a controller converting a three value color space signal to an n prhnary 

color space signal, using a chromaticity diagram which is expressed in a two 
dimensional space, the chromaticity diagram including n points CI through Cn, each 
corresponding to one of n primaries, the controller performing at least the steps of: 
mapping a point Pa on the chromaticity diagram, the point Pa 
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representing a color Pa and being within the space bordered by the points CI through 

Cn; 

mapping n triangular areas on the chromaticity diagram, each triangular 
area having as its comer points the point Pa and a pair of adjacent points Cx and Cy, the 
5 points Cx and Cy being chosen from points CI through Cn; 

for each adjacent pair of points Cx and Cy chosen from points CI through 
Cn, mapping a corresponding point Px corresponding to a color Px, the color Px being 
formed from the subset of the n primaries not including the primaries corresponding to 
Cx and Cy; 

10 mapping the three value color space signal on the chromaticity diagram 

as a point D; 

determining in which triangle T the point D is located, the triangle T 
being formed by the point Pa and the points X and Y; 

determining a triangle S substantially overlapping triangle T, triangle S 
1 5 being formed by the correspondiag point Px corresponding to the points X and Y and by 
the points X and Y; 

using the three colors forming the triangle S to create an additive Unear 
combination; and 

solving the additive linear combination for the constants ap, ax, and ay; 

20 and 

(c) a viewing screen for displaying the image. 
54. The color display of claim 53, where n is at least 4. 
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55. A method for translating a first color space signal to an n primary color space 
signal using a cliromaticity diagram which is expressed in a two dimensional space^ the 
chromaticity diagram including n points CI through Cn, each corresponding to one of 
the n primaries, the chromaticity diagram including a point P representing a substantially 

5 white color P, the method comprising: 

mapping n triangular areas on the chromaticity diagram, each triangular area 
having as its comer points the point P and two adjacent points Cx and Cy being chosen 
fi'om points CI through Cn; 

mapping the first color space signal on the chromaticity diagram as a point D; 
1 0 determining in which triangle T the point D is located, the triangle T being 

formed by the point P and the points X and Y, wherein a set of points Q chosen from 
points CI througih Cn do not form the triangle T; 

detertnining the constants ap^ ax, and ay^ ap representing the contribution of the 
color P to the n primarj^ color space signal, ax representing the contribution of the color 
1 5 corresponding to point X to the n primary color space signal, and ay representing the 
contribution of the color corresponding to point Y to the n primary color space signal; 
and 

determining the contribution of the colors represented by the points Q to the 
color space signal based on the contribution of the colors represented by the points Q to 
20 the color R 

56. A method for translating a first color space signal to an n primary color space 
signal, using a chromaticity diagram which is expressed in a two dimensional space, 
where the two dimensions represent a first value and a second value of the first color 
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space, the chromaticity diagram including n points CI fhrougti Cn, each corresponding 
to one of the n primaries, the method comprising: 

mapping a point Pa on the chromaticity diagram, the point Pa representing a 
substantially white color Pa and being within the space bordered by liie points CI 
5 through Cn; 

mapping n triangular areas on the chromaticity diagram, each' triangular area 
having as its comer points the point Pa and a pair of adjacent pomts Cx and Cy; the 
points Cx and Cy being chosen from points CI through Cn; 

for each pair of adjacent points Cx and Cy chosen from points CI through Cn, 
10 mapping a corresponding point Px corresponding to a color Px, the color Px beiag 

formed from the subset of the n primaries not including the primaries corresponding to 
Cx and Cy; 

mapping the jBrst color space signal on the chromaticity diagram as a point D; 

determining in which triangle T the point D is located, the triangle T being 
1 5 formed by the point Pa and the points X and Y; 

determining a triangle S substantially overlapping triangle T, triangle S being 
formed by the corresponding point Px corresponding to the points X and Y and by the 
points X and Y, wherein a set of points Q chosen from points CI through Cn do not 
form the trian^e S; 

20 using the three colors forming the triangle S to create an additive linear 

combination; 

detennioing the constants ap, ax, and ay, ap representing the contribution of the 
color represented by the corresponding point Px to the n primary color space signal, ax 
representing the contribution of the color corresponding to point X to the n primary color 
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Space signal, and ay representing the contribution of the color correspondiag to point Y 
to the n-piimary color space signal; and 

determining the contribution of the colors represented by the points Q to the 
color space signal based on the contribution of the colors represented by the points Q to 
the color P. 

57. A color display comprising: 

(a) a light producing meaas; 

(b) a controller means converting a first color space signal to an n primary 
color space signal, using a chromaticity diagram which is expressed in a two 
dimensional space, the chromaticity diagram including n points CI through Cn, each 
corresponding to one of n primaries, the controller performing at least the steps of: 

mapping a point Pa on the chromaticity diagram, the point Pa 
representing a color Pa and being within the space bordered by the points CI through 
On; 

mapping n triangular areas on the chromaticity diagrani, each triangular 
area having as its comer points the point Pa and a pair of adjacent points Cx and Cy , the 
points Cx and Cy being chosen jSrom points CI through Cn; 

for each adjacent pair of points Cx and Cy chosen from points CI through 
Cn, mapping a corresponding point Px corresponding to a color Px, the color Px being 
formed from the subset of the n primaries not including the primaries corresponding to 
Cx aad Cy; 

mapping the three value color srpace signal on the chromaticity diagram 

as a point D; 
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determining in which triangle T the point D is located, the triangle T 
being formed by the point Pa and the points X and Y; 

determining a triangle S substantially overlapping triangle T, triangle S 
being formed by the correspondiag point Px corresponding to the points X and Y and by 
5 the points X and Y; 

using the three colors forming the triangle S to create an additive linear 
combination; and 

solving the additive linear combination for the constants ap, ax, and ay; 

and 

1 0 (iii) a viewing screen means for displaying the image, 

58. A color display comprising: 

(a) a light producing means; 

(b) a controller means converting a first color space signal to an n primary 
1 5 color space signal, using a chromaticity diagram which is expressed in a two 

dimensional space, the chromaticity diagram including n points CI through Cn, each 
corresponding to one of n primaries, the controller performing at least the steps of: 

mapping a point Pa on the chromaticity diagram, the point Pa 
representing a color Pa; 
20 mapping n triangular areas on the chromaticity diagram, each triangular 

area having as its comer points the point Pa and a pair of points taken from Cx and Cy ; 

for each adjacent pair of points Cx and Cy chosen from points CI through 
Cn, mapping a corresponding point Px corresponding to a color Px, the color Px being 
formed from the subset of the n primaries not including the primaries corresponding to 
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Cx aad Cy; 

mapping the three value color space signal on the chromaticity diagram 

as a point D; 

deterauning in which triangle T the point D is located, the triangle T 
being formed by the point Pa and the porats X and Y; 

deterroining a triangle S substantially overlapping triangle triangle S 
being formed by the corresponding point Px corresponding to the points X and Y and by 
the points X and Y; 

using the three colors forming the triangle S to create an additive linear 

combination; and 

solving the additive linear combination for the constant ap, representing 
the contribution of the color represented by the corresponding point Px to the n primary 
color space signal, the constant ax, representing the contribution of the color 
corresponding to point X to the n primary color space signal, and the constant ay, 
representing the contribution, of the color corresponding to point Y to the n primary color 
space signal; and 

(iii) a viewing screen means for displaying the image. 

59. A color display comprising: 

(a) a light producing means; 

(b) a controller means converting a first color space signal to an n primary 
color space signal, using a chromaticity diagram which is expressed in a two 
dimejisional space, the chromaticity diagram including n points CI through Cn, each 
corresponding to one of n primaries, the controller performing at least the steps of: 
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mapping a point Pa on the chromaticity diagram, the point Pa 
representing a color Pa; 

mapping n triangular areas on the chromaticity diagram, each triangular 
area having as its comer points the point Pa and a pair of points taken from Cx and Cy; 

mapping the three value color space signal on the chromaticity diagram 

as a point D; 

defining a triangle triangle S being formed by a center point P and by the 
points X and Y; 

using the three colors forming the triangle S to create an additive linear 
combination; and 

solving the additive linear combination for the constant ax, representing 
th e contribution of the color corresponding to point X to the n primary color space 
signal, and the constant ay, representing the contribution of the color corresponding to 
pomt Y to the n primary color space signal; and 

(c) a viewing screen means for displaying the image. 

60. A method for defining a set of primary colors comprising: 
creating a set of sample colors; 

for each sample color, sampling a set of wavelengths to create a vector; 

forming a matrix from the vectors; and 

decomposing the matrix to obtain at least a set basis -vectors. 



61. The method of claim 60 comprising reducmg the set of basis vectors to the subset 
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of the basis vectors which are most relevant to the reconstruction of the sample colors. 



62. The method of claim 60 comprising rotatmg the basis vectors. 

63. The method of claim 60 comprising rotating the basis vectors to create a set of 
basis vectors v^ch are non-orthogonal and which contain only non-negative 
components. 

64. The method of claim 60 comprising the step of defining a set of filters, each filter 
corresponding to a basis vector. 

,65. A device for displaying unage data of a plurality of colors, the device comprismg 
a Hght sonrce for producing primary colors determined using the method of claim 60. 

66. The device of claim 65 comprising: 

(a) a controller for determining a combinafion of at least one of four primary 
colors according to input image data for production by said light source; 
and 

(b) a viewing screesx for displaying the image data according to said 
combination firom said controller. 

67. A method for defining a set of primary colors comprismg: 
creating a set of sample colors; 

creating a set of sample spectra representing the sample colors; and 
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detenoiidng, ftom the set of sample spectra, a set of primary colors simiilatmg 
the set of sample colors. 



68. The method of claim 67 comprising: 

for each sample color, creating a spectrum vector; 
forming a matrix from the vectors; and 
decomposing the matrix. 

69. The method of claim 67 comprisiag the step of defining a set of filters, each filter 
corresponding to a basis vector. 

70. A device for displaying image data of a plmality of colors, the device comprising 
a light soiirce for producing primary colors determined using the method of claim 69. 

71. A device for displaying image data of aplnrality of colors, the device 
comprising: 

(a) a light producing means for producing primary colors determined at least 
by the steps of creating a set of sample colors and determining a set of 
primary colors simulating the set of sample colors; 

(b) a controller means for detennining a combination of at least one of four 
primary colors according to input image data for production by said light 
source; and 

(c) a viewing screen means for displaying the image data according to said 
combination from said controller means. 
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72. A device for displaying image data of a plurality of colors, the device 
comprisiag: 

(a) a Ught producing means for producing primary colors determined using 
the method of claim 67; 

(b) a controller means for determining a combination of at least one of foiir 
primary colors according to input image data for production by said light 
source; and 

(c) a viewing screen means for displaying the image data according to said 
combination from said controller means. 

73. A device for displaying image data of a plurality of colors, the device 
comprising: 

(a) a light for producing primary colors determined at least by the steps of 

i 

creating a set of sample colors and determining a set of primary colors 
simulating the set of sample colors; 

(b) a controller for determining a combination of at least one of four primary 
colors according to input image data for production by said light source; 
and 

(c) a viewing screen for displaying the image data according to said 
combination from said controller means. 

74. A method for defining a set of primary colors pomprising: 
creating a set of sample colors; 
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detemiiiiing a set of primary colors simulating the set of sample colors; and 
defining a set of filters, each filter corresponding to a basis vector. 



75 . A method for defining a set of primary colors comprising: 
creating a set of sample colors; and 

based on a set of spectral samples representiag the set of sample colors, 
determining a set of spectra simulating the set of sample colors. 

76. A device for displaying image data of a plurality of colors, the device 
comprising: 

(a) a light producing means for producing primary colors determined using 
the method of claim 75; 

(b) a controller means for determining a combination of at least one of four 
primary colors according to input image data for production by said light 
source; and 

(c) a viewing screen means for displaying the image data according to said 
combination firom said controller means. 

77. A device for displaying image data of a plurality of colors, the device comprising 
a light source for producing primary colors determined using the method of claim 75. 

78. A method for defining a set of primary colors comprising: 
creating a set of sample colors; 

for each sample color, sampling a set of wavelengtiis to create a vector; 
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